Abstract. The safety of at-home tooth bleaching, based upon carbamide peroxide (CP) or hydrogen peroxide (HP) as the active agent, has been questioned. The aim of the present study was to investigate the effects of three differently concentrated home-applied bleaching agents on human enamel under in situ conditions. Sixty specimens were divided randomly into four groups and treated with 10% CP, 15% CP, 20% CP, and distilled water, respectively. Raman spectroscopy, attenuated total reflectance-infrared (ATR-IR) spectroscopy, atomic force microscopy (AFM), microhardness, and fracture toughness (FT) measurements were conducted to determine variations on enamel structure and mechanical properties before and after the bleaching process. Raman revealed little variation of Raman relative intensity after treatment with CP, which was consistent with the results of ATR-IR, AFM, and microhardness analyses. In addition, laser-induced fluorescence (LIF) intensity, and FT showed significant decreases on CP-treated specimens. These findings suggested there were minimal demineralization effects of the three at-home bleaching agents on enamel in situ. However, the decrease of LIF intensity and FT on enamel seemed to be inevitable.
Investigation of three home-applied bleaching agents on enamel structure and mechanical properties: an in situ study 1 
Introduction
Vital tooth bleaching has been accepted as a conservative and effective treatment for discolored teeth since Haywood et al. first introduced the nightguard vital bleaching technique (NGVB) in 1989. 1 Currently, three fundamental approaches, at-home bleaching, in-office bleaching, and over-the-counter (OTC) bleaching, 1, 2 are available in clinical application. However, at-home bleaching, in which discolored teeth are in contact with low levels of peroxide-based agents via custom-fabricated mouth guards overnight, is still the most popular technique recommended by dentists. [3] [4] [5] Despite the excellent whitening efficacy of home bleaching, concern still remains about the safety of this technique, especially the potential adverse effect of the bleaching agent on the enamel structure. Some studies have reported changes in chemical composition, 6 ,7 alteration of surface morphology, 8, 9 decrease of hardness, 10, 11 and reduction of fracture toughness (FT) 10, 12 in bleached enamel. In contrast, other studies found little alteration in bleached enamel. [13] [14] [15] [16] These inconsistent results are probably related to the designs of different studies.
Most of the studies concerning home bleaching used in vitro models, which could partially interpret the bleaching effects. However, they still had some limitations, such as the absence of natural saliva and acquired pellicle. These in vitro limitations didn't reflect real clinical situations. 17, 18 For this reason, it is essential to use in vivo or in situ models to evaluate the effects of bleaching agents in a more realistic oral environment.
Besides a proper study model, different analytical techniques may lead to different conclusions even if the same study protocol is used. In one of our previous studies, we used transmission Fourier transform infrared (FTIR) and attenuated total reflection infrared (ATR-IR) spectroscopy to investigate the effects of bleaching solution on the structure of human dentin. 19 It was interesting to note that ATR-IR exceeded traditional FTIR in detecting mineral variations in dentin after bleaching treatments. That might be due to the different measuring methods of these two techniques. ATR-IR spectroscopy permits repeated analyses of the specimen surface in the same place, thus ensuring high comparability between spectra before and after treatment. 19, 20 In contrast, for conventional FTIR, the sample needs to be scraped off and ground into fine powder. The small surface changes may have been masked by the less-affected subsurface region. 19 Similar to ATR-IR, Raman spectroscopy has also been demonstrated to be a very sensitive tool to study the changes of enamel composition noninvasively. Both of these vibration spectroscopic techniques have the ability to analyze chemical composition at a molecular level. 21 Furthermore, laser-induced fluorescence (LIF), which was usually regarded as the interference of Raman scattering, can be measured by the Raman spectrometer and may provide important information for dental assessment. 20, 22, 23 Usually, the alteration of the chemical composition of enamel is accompanied by changes in surface morphology and mechanical properties. Therefore, techniques in these fields are also valuable since they could not only corroborate the results obtained by the vibration spectroscopy techniques but also could provide complementary information. For instance, atomic force microscopy (AFM) could conduct a noninvasive threedimensional analysis of structure morphology and roughness of the surface at nanoscale. Microhardness and FT measurements have both physical significance and clinical relevance.
The purpose of the present study was to investigate the effects of three differently concentrated at-home bleaching agents on enamel in situ. Raman, ATR-IR, AFM, microhardness, and FT measurements were conducted as complementary techniques to determine the possible variations of structure and mechanical properties in enamel.
Materials and Methods

Ethical Aspects and Volunteers
The protocol for this study was reviewed and approved by the Ethics Committee of the School and Hospital of Stomatology, Wuhan University, China. Five undergraduate dental students (three males and two females, from 20 to 22 years old), who fulfilled the inclusion criteria (absence of dental caries and/or periodontal disease, normal saliva flow, and willingness to perform bleaching treatment on the research schedule) without violating the exclusion criteria (restorations and prostheses in the mouth, use of orthodontic appliances, dentin sensitivity, and smoking), were enrolled in the study after signing an informed consent form as volunteers.
Tooth Selection
A total of 30 freshly extracted orthodontic premolars were obtained. All were examined under 20× magnification to detect enamel cracks or fractures, caries, stains, and other defects. The teeth were cleaned thoroughly and stored in 0.2% thymol solution at 4°C until use.
Materials Preparation
The roots of stored teeth were separated from their crowns at the cemento-enamel junction using a low-speed diamond saw (Isomet, Buehler Ltd., Lake Bluff, IL) under water cooling. Two dental slabs (4 × 3 × 2 mm 3 ) were obtained from the middle third of the buccal surface of each tooth and subjected to steam sterilization. Each dental slab was fixed in a polyvinyl chloride (PVC) matrix with colorless translucent acrylic resin matrix, keeping the enamel surface unsealed for bleaching treatments.
To ensure the precision of all measurements, unsealed surfaces for the enamel specimens were prepared so they were uniform, flat, and clean. The specimens were serially polished with 600-, 1,000-, 1,500-, and 2,000-silicon carbide (SiC) abrasive papers and with 1-μm and 0.5-μm diamond polishing suspensions on cloths under constant water irrigation. Finally, all specimens were immersed in distilled water (DW) and then ultrasonicated for five minutes to remove residual particles and the smear layer.
The three at-home bleaching agents used in the current study were Opalescence PF 10% carbamide peroxide (CP), Opalescence PF 15% CP, and Opalescence PF 20% CP (Ultradent Products, South Jordan, UT). The pH value of each bleaching agent was measured with a digital pH electrode (EASYFERM Plus 225, Switzerland) in triplicate ( Table 1) .
For each volunteer, a full-arch maxillary impression was obtained and a stone cast mold was made based on the impression. A 0.035-inch thick soft bleaching tray (Soft-Tray Sheets, Ultradent Products Inc., South Jordan, UT) was fabricated on the cast using a vacuum tray-forming machine (Ultraform, Ultradent Products Inc., South Jordan, UT) and then modified with a palatal extension.
Baseline Measurements
Raman spectroscopy detection
Three marks for each specimen were made on the acrylic resin matrix for the location of Raman detection. Baseline Raman scattering/fluorescence spectra were recorded by a microRaman spectrometer (i-Raman Portable Raman Spectrometer, B&W Tek Inc., Newark, DE) equipped with a semiconductor laser diode at a 785-nm wavelength. A focused laser spot of approximately 95 μm in size through a fiber-optic based system was shone on the surfaces of the enamel. Each spectrum was made an average of five times in the following conditions: 0 to 3200 cm −1 range, 7000 ms integration time, and room temperature.
Spectral data were visualized on a computer and processed using BWSpec 3.26 spectroscopic software (B&W Tek). Raman absolute (RA) intensity, Raman relative (RR) intensity, and LIF intensity at 960 cm −1 were defined and calculated from the Raman spectra ( Fig. 1 ) according to a previous investigation. 22 RA intensity is the intensity of the Raman peak at 960 cm −1 before the spectrum is baselined, and RR intensity is the intensity of the same peak after the spectrum baselined between 990 and 930 cm −1 . The LIF intensity is equal to RA intensity minus RR intensity. 
ATR-IR spectroscopy detection
Baseline ATR-IR spectra were acquired with a Thermo Nicolet 5700 spectrometer (Nicolet, Madison, WI) and a smart OMNIspecimen accessory with diamond as an internal reflection element. For each sample, one mark was made in the middle of an acrylic resin surface, which was opposite the polished enamel, by means of a high-speed handpiece with a fine bur. The specimens were then put onto the face of the diamond crystal of the smart OMNI-specimen accessory with the marks side up. They were carefully adjusted so that the pointed tip of the standard pressure tower would be pressed onto the center of the mark. This procedure made sure that the specimens were measured at the same place at the different points in time. Spectra were acquired in the range from 675 to 4000 cm −1 at 4 cm −1 resolution, with 128 scans co-added. Each specimen was measured in triplicate at each time point.
AFM detection
A total of 10 specimens from each group were selected for surface morphology and surface roughness detection with Shimadzu SPM-9500J3 (Shimadzu Corp., Japan) using a contact mode. Fields of view at 10 × 10 μm 2 scan size were obtained, and for each image, root mean square (rms) roughness was determined by SPM-Offline 2.30 (Shimadzu Corp.).
Microhardness measurement
Vickers indentation microhardness baseline values were performed using a microhardness tester (HXD-1000TMC/LCD, Taiming, Inc., Shanghai, China). Three indentations were made on each specimen with 100 g for 15 sec. The surface area of flattened enamel was sufficient for each indentation without interfering with each other (Fig. 2) .
Fracture toughness measurement
Vickers indentations with a load of 9.8 N were performed to assess baseline FT values (Fig. 2) . 24 The diagonal length and crack length were recorded with the light microscope of the microhardness tester at a 400-fold magnification within 5 sec after the mechanical test. For each indentation, a circle enclosing all associated cracks (both edge and side cracks) was drawn. The radius of the circle, developed from the center of the indentation, was taken as the maximum crack length value of the corresponding indentation (Fig. 3) .
The hardness values of indentations with a load of 9.8 N were determined according to the following expression:
where: H ¼ hardness, a ¼ half the diagonal of the indentation (m), and P ¼ applied load ðMNÞ.
The corresponding FT was then computed using the following formula:
where: K IC ¼ fracture toughness ðN∕μm 3∕2 Þ, E ¼ Young's modulus (GPa), H ¼ Vickers hardness ðGPaÞ, P ¼ applied load ðNÞ, and c ¼ the maximum crack length ðμmÞ from the center of the indentation impression.
The Young's modulus of human enamel was taken to be 84.1 GPa. 27 
Bleaching Procedure
After baseline measurements, specimens were divided randomly into four groups, according to the bleaching agents (n ¼ 15): group 10% CP þ HS, group 15% CP þ HS, group 20% CP þ HS, and group Control þ HS. Then specimens were removed from the acrylic resin matrix with probes and fixed on the palatal extensions of the modified bleaching trays with a light-curing restorative material (3M ESPE, St. Paul, MN). For each volunteer, 12 specimens were arrayed in three columns: the first, second, and third specimens in each column were used as experimental specimens and the fourth ones referred to the control specimens (Fig. 4) .
When the bleaching treatment started, all specimens on the modified bleaching trays were washed under DW for 30 sec and dried by compressed air for 5 sec. Then the first, second, and third specimens in each column were painted with 10% CP, 15% CP, and 20% CP, respectively. The fourth ones were not painted, but just kept wet with DW. To simulate the routine nightguard bleaching process, all the trays were placed in a humid atmosphere at 37°C incubator for 8 hours. Subsequently, bleaching agents were removed carefully by a soft toothbrush under running DW and then placed into the oral cavities of the volunteers for 16 hours within the same day. The total cycling sequences were conducted 14 times.
Final Measurements
After a 14-day treatment, the samples were replaced in the PVC matrix. Raman spectroscopy, ATR-IR spectroscopy, AFM, microhardness, and FT were performed as final measurements. The experimental design was summarized in Fig. 5 .
Profile data for Raman and ATR-IR spectra were then imported into Origin 7.0 software (Origin-Lab Corporation, Northampton, MA) for analysis. For the Raman results, RR intensity and LIF intensity values were transformed into percentage values where the baseline values were set at 100% and the values that have been changed afterward were calculated as a percentage of the baseline. The quantitative analysis of ATR-IR results was made by measuring the area of the spectra between the selected wavelengths and calculating the carbonate: mineral ratio (the ratio of the integrated areas of carbonate v 2 contour to the phosphate v 1 , v 3 contour).
Statistical Analysis
Statistical analyses were performed by SPSS 16.0 for Windows with a significance level of 0.05. Parameters in the current study were expressed as means±S.D. Variations for baseline and final values in each group were analyzed by analysis of variance (ANOVA). One-way ANOVA was used for the comparison of data among groups, and post hoc pairwise comparisons were obtained with an additional Tukey analysis.
Results
Raman Analysis
The main features of Raman scattering spectra of enamel showed accordance with previous investigations (Fig. 6 ). 20 The strongest peak at 960 cm −1 was attributed to v 1 PO 4 3− . The bands at 1045 −1 and 1024 cm −1 were assigned to v 3 PO 4 3− , 610 and 580 cm −1 to v 4 PO 4 3− , and 430 cm −1 to v 2 PO 4 3− , respectively. The typical peak at 1068 cm −1 arose from v 3 CO 3 2− . The LIF of enamel appeared as a featureless background in the Raman spectra.
For the percentage of RR intensity, no significant difference was found between the baseline and final values in each group (p > 0.05; see Fig. 6 ). In addition, one-way ANOVA revealed no significant intergroup differences (p ¼ 0.187). The percentage of LIF intensity declined dramatically in the three bleached groups (p < 0.001), whereas it remained quite stable in the control group (p ¼ 0.683; see Fig. 6 ). Moreover, one-way ANOVA and Tukey's multiple comparison tests illustrated that the percentage of LIF intensity in all bleached groups decreased significantly compared to that of Control þ HS (p < 0.001). No significant differences were found among groups with different CP concentrations (p ¼ 0.932).
ATR-IR Analysis
The typical feature of ATR-IR spectra of enamel was well consistent with previous studies (Fig. 7) . 28 The band between 885 and 1090 cm −1 represented v 1 , v 3 PO 4 3− , and the band between 810 and 885 cm −1 gave information about v 2 CO 3 2− . It was found that the integrated areas of v 1 , v 3 PO 4 3− , and v 2 CO 3 2− and the ratio of these two bands altered little in all groups (p > 0.05). Meanwhile, one-way ANOVA illustrated no intergroup significant difference of the ratio (p ¼ 0.917). 
AFM Analysis
The characteristic AFM images were displayed in Fig. 8 . No special alteration was found on the enamel surface in each group. These enamel surfaces appeared relatively flat, with some irregular patterns and shallow grooves resulting from the various polishing treatments. Figure 9 shows rms values before and after the bleaching treatment in each group. No decreasing tendency was found in each group (p > 0.05), and no intergroup significant difference was found among the four groups (p ¼ 0.784). Figure 10 shows the mean and standard deviations for enamel Vickers microhardness at the load of 100 g before and after the bleaching treatment in each group. The comparison between baseline and final values did not reveal a decreasing trend in all groups (p > 0.05). In addition, no significant differences were found among the four groups (p ¼ 0.935). Figure 11 shows the mean and standard deviations for FT before and after the bleaching treatment in each group. The results revealed statistically significant differences between the baseline and final values in group 10%, group 15% CP þ HS, and group 20% (p ¼ 0.003, p ¼ 0.001, and p ¼ 0.008, respectively). No significant difference was found in the control group (p ¼ 0.495). Moreover, Tukey's multiple comparison tests illustrated that the decrease of FT in group 10% CP þ HS, group 15% CP þ HS, and group 20% CP þ HS were significantly higher than that in group Control þ HS (p ¼ 0.028, p ¼ 0.015, and p ¼ 0.019, respectively), while there was no significant variation among groups with different CP concentrations (p ¼ 0.975).
Microhardness Test
FT Test
Discussion
Dental enamel is the highly brittle and the hardest biological tissue in the human body. 29, 30 Massive hydroxyapatite crystals compose the main part of enamel, and organic proteins between crystals serve as the framework matrix in a highly controlled fashion. 31 Alterations of this exquisite structure during the bleaching process might affect the final bulk property of enamel.
The present study showed that no significant change of RR intensity was observed in each group, indicating a rarely changed phosphate group in enamel. Since the concentration of the phosphate group is proportional to the mineral content of enamel, 20, 32, 33 RR intensity values suggested that bleaching treatment induced little enamel demineralization. In accordance with Raman results, ATR-IR spectra displayed no significant discrepancy of the integrated area ratio (v 1 , v 3 PO 4 3− and v 2 CO 3 2− ) in bleached groups. Moreover, according to the AFM images, surface morphology and surface roughness displayed no apparent alteration after bleaching treatments. These AFM observations at nanoscale coupled with Raman and ATR-IR spectra at the molecular level revealed little change in the mineral content of enamel after bleaching treatments in situ. However, these results were inconsistent with previous studies.
6,34-37 It might be due to different pH values and the compositions of bleaching agents, as well as the in situ storage.
Different CP bleaching agents were utilized in the present study. Unlike highly concentrated hydrogen peroxide (HP), CP doesn't need a low pH to stay stable. CP could disassociate into HP and urea during tooth bleaching. HP is the active whitening component, and urea further degrades into ammonia and carbon dioxide. This action could increase the pH, thus reducing the risk that tooth structure would demineralize under low pH. 38 In addition, based on several previous findings, the fluoride and potassium nitrate contained in the utilized bleaching agents could also contribute to the stability of the mineral content of enamel. [39] [40] [41] Apart from bleaching agents, the in situ dynamic interaction of saliva-enamel is also a factor of concern. The presence of natural saliva not only simulated the real oral environment but also provided greater potential for minimizing enamel demineralization than a conventional in vitro model would. It was proved that an in situ formed salivary pellicle would protect the underlying enamel surface against mineral loss to a certain extent. [42] [43] [44] In addition, bicarbonate and phosphate buffering systems and urea could hinder the decline of pH values, and enough mineral ions in natural saliva could play an important role in the remineralization process. [45] [46] [47] [48] LIF is one of the most striking features when using Raman scattering to examine enamel. Traditionally, fluorescence was regarded as a nuisance of Raman scattering. 20, 21, 49, 50 Nevertheless, with the improvement of knowledge, fluorescence has provided valuable information in many fields. Based on recent studies, LIF could detect carious lesions and dental erosion. [51] [52] [53] Furthermore, it's highly possible that the LIF of sound enamel could provide useful information about the organic components of enamel. 54 In the field of tooth bleaching, researchers also noticed changes in LIF. 20, 22, 55 As shown in the present study, LIF intensity decreased dramatically in all bleached groups. This result was in accordance with our previous studies 20, 22 and further proved that the matter, which initiates the occurrence of LIF, changed greatly during the bleaching treatment. Compared with previous studies, the present one fully avoided the variation of inorganic components during bleaching. Therefore, LIF might still provide information about organic components. Although the exact mechanism hasn't yet been fully resolved, general knowledge of the chemical nature of the bleaching agents could help explain this speculation. All the recently introduced at-home bleaching products contained some form of HP as the active whitening component. The chemistry of this agent is based primarily upon its ability to generate free radicals. Since the radicals lack one electron, they would interact with organic colored molecules in enamel to achieve stability. As the free radical reaction is not specific, other enamel organic matrices would be affected as well. As a result, the changes of these organic materials induced the decrease of LIF intensity. Another interesting finding was the small amount of alteration of microhardness but the significant decline of FT in bleached specimens. It was known that microhardness was related to the loss or gain of mineral in the dental structure, 2, 56, 57 and the explanation about this parameter was similar to the mineral content of enamel discussed in the above sections. FT describes an ability of the material to resist the propagation of an existing crack under a particular state of stress. 58 The reduction of FT after treatment illustrated that at-home bleaching made enamel more prone to crack formation. In other words, bleached enamel became more brittle. This phenomenon indicated that some structural changes occurred, at least on the surface layer of enamel, with a bleaching time of 14 days.
As mentioned above, the utilized bleaching agents did not cause demineralization in enamel. For this reason, we assumed that the change of FT still might bear a relation to the changes of organic components. Since the organic matrix serves as the "glue" between hydroxyapatite crystals, 59 organic matrix oxidation during bleaching might reduce the crack-resistance ability of enamel and then result in the decrease of FT. This assumption was supported by Baldassarri et al. 60 and Seghi et al., 12 who found that FT could be influenced significantly by the organic matrix in enamel.
It is worth noting that enamel surfaces were polished and flattened for the precision of all measurements in the present study. This procedure probably removed the superficial structure of enamel; namely, aprismatic enamel. However, it is believed that this procedure would not influence the results very much. This is because even if an aprismatic surface enamel layer exists, it would not be able to prevent the penetration of bleaching agents. 61 Thus, the present results still have clinical significance for post-bleaching treatments.
One limitation of this study was that all the final measurements were conducted directly after the routine 14-day bleaching treatment. It is not clear whether the declined FT or LIF values could recover after the bleaching treatment or whether a prolonged bleaching treatment in situ would induce extra changes in the structure of enamel. Moreover, the exact origin of LIF in enamel is still unclear. For these reasons, further in-depth investigations are needed to understand the enamel structure and the mechanism of tooth bleaching.
Conclusion
Within the limitation of the present study, the following conclusions can be drawn:
Under in situ conditions, the demineralization effects of three differently concentrated at-home bleaching agents on enamel were minimal. However, the decrease of LIF and FT in enamel seems to be inevitable and needs further investigations.
